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Although tumor resistance remains a significant impediment to successful radiotherapy, associated regulatory markers 
and detailed molecular mechanisms underlying this phenomenon are not well defined. In this study, we identified inositol 
polyphosphate 4-phosphatase type II (INPP4B) as a novel marker of radioresistance by systematically analyzing Unigene 
libraries of laryngeal cancer. INPP4B was highly expressed in radioresistant laryngeal cancer cells and was induced by 
treatment with either radiation or anticancer drugs in various types of cancer cells. Ectopic INPP4B overexpression 
increased radioresistance and anticancer drug resistance by suppressing apoptosis in HEp-2 cells. Conversely, INPP4B 
depletion with small interfering RNA resensitized HEp-2 as well as A549and H1299 cells to radiation- and anticancer drug- 
induced apoptosis. Furthermore, radiation-induced INPP4B expression was blocked by inhibition of extracellular signal- 
regulated kinase (ERK). INPP4B depletion significantly attenuated radiation-induced increases in Akt phosphorylation, 
indicating an association of INPP4B-mediated radioresistance with Akt survival signaling. Taken together, our data 
suggest that ERK-dependent induction of INPP4B triggers the development of a tumor-resistance phenotype via Akt 
signaling and identify INPP4B as a potentially important target molecule for resolving the radioresistance of cancer cells. 



Introduction 

Radiotherapy in conjunction with surgery and/or chemotherapy 
is currently the standard adjuvant treatment for laryngeal cancer, 
which is the sixth most prevalent cancer worldwide. 1 ' 2 However, 
intrinsic or acquired radioresistance of tumors allows a subset of 
cells to survive, thus limiting the effectiveness of radiotherapy. 
This phenomenon contributes to poor prognosis in laryngeal 
cancer patients following radiotherapy. 3 ' 4 Several studies have 
investigated tumor radioresistance markers, which are useful as 
prognostic and therapeutic indicators for radiotherapy. Cellular 
components are often altered in cancer cells in a manner that 
serves to protect against chronic radiation damage. For exam- 
ple, proliferation regulatory proteins such as epidermal growth 
factor receptor (EGFR), phosphoinositide 3-kinase (PI3K)/Akt 
and Ras are constitutively activated or overexpressed in radio- 
resistant tumors. 5,6 The status/expression of p53 or Bcl-2/-xl, 
which play key roles in cell cycling and apoptosis, are involved in 
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tumor radioresistance, 6 ' 7 and cellular anti-oxidant proteins such 
as peroxiredoxin-II and manganese superoxide dismutase are 
often involved in the oxidative stress tolerance of tumor cells. 8,9 
In addition, several studies have reported that fractionated radio- 
therapy can induce acquired radioresistance and anticancer drug 
resistance by regulating P-glycoprotein and multidrug resistance- 
associated protein. 10 " 13 Although accumulating evidence has pro- 
vided some understanding of radioresistance and anticancer drug 
resistance in cancer cells, biomarkers in specific types of cancer 
and detailed molecular mechanisms underlying these phenom- 
ena remain unclear. 

UniGene, a National Center for Biotechnology Information 
(NCBI) database of the transcriptome widely used in the analysis 
of expressed sequence tags (ESTs) database, contains informa- 
tion regarding cell- and tissue-specific gene transcripts. Thus, 
it is an excellent resource for identifying functionally unknown 
or regulatory genes. 14 " 16 We previously established radioresistant 
cells through fractionated irradiation and used these cells as a 
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model system for studying the radioresistant phenotype. 17 In 
the present study, a laryngeal cancer EST database was system- 
atically screened to identify gene profiles associated with tumor 
radioresistance. Through an in silico analysis of radioresistant 
HEp-2 (RR-HEp-2) cells, we identified several radioresistance- 
related genes. One of these genes, INPP4B, encoding inositol 
polyphosphate 4-phosphatase type II, had not previously been 
linked to tumor radioresistance and was thus examined further 
as a possible radioresistance regulator. INPP4B is a regulatory 
enzyme that selectively dephosphorylates the fourth position 
of phosphatidylinositol(3,4)-bisphosphate [PI(3,4)P 2 ] . 18 " 20 The 
rapid production and/or degradation of phosphoinositides plays 
a critical role in cellular processes, including cell growth, dif- 
ferentiation, apoptosis and protein trafficking; phosphoinositide 
regulation is also important in the etiology of diseases, including 
cancer, diabetes and inflammation. 21 ' 23 Although the regulation 
of intracellular phosphoinositide profiles by other lipid phos- 
phatases, including phosphatase and tensin homolog (PTEN) 
and inositol polyphosphate-5-phosphatase 1, are well character- 
ized, little is known about the modulation of target substrates 
by INPP4B. The few studies that have been conducted to date 
have reported a physiological role for INPP4B in the regulation of 
erythropoietin responsiveness in proerythroblasts and a tumor- 
suppressive function in human basal-like breast cancer. 20 ' 24 
Recent studies have reported that INPP4B expression pattern 
and genetic variants, such as single-nucleotide polymorphisms 
might be associated with intrinsic susceptibility to chemother- 
apy. 25,26 However, the regulatory functions of INPP4B in stress 
responses, tumor radioresistance and anticancer drug resistance 
are largely unknown. 

In this paper, we identified 11 radioresistance-associated genes 
using the previously established radioresistant cellular system and 
investigated the role of INPP4B in the response to radiation and 
anticancer drugs in various cancer cell types. Our findings show 
that the induction of INPP4B expression by radiation and anti- 
cancer drugs is positively correlated with tumor radioresistance 
and chemoresistance, respectively, via regulation of extracellular 
signal-regulated kinase (ERK)-Akt signaling. 

Results 

INPP4B expression is elevated in radioresistant HEp-2 cell 
lines. We screened for radioresistance-related genes by analyz- 
ing seven laryngeal cancer libraries (#992, #6653, #6655, #6910, 
#6915, #7793 and #9282) and predicting function using Goblet/ 
SMART programs (data not shown). We next identified genes 
that were differentially expressed between parental HEp-2 cells 
and RR-HEp-2 cell lines (RR-HEp-2 and RR-#-6) as poten- 
tial radiation-responsive genes. As shown in Figure 1A (top), 
ERBB2 and Bcl-xl (positive control) were increased and p21 
(negative control) was suppressed in RR-HEp-2 cell lines com- 
pared with parental HEp-2 cells, confirming the validity of our 
in vitro system. Data from conventional reverse transcription- 
polymerase chain reaction (RT-PCR) showed that the mRNA 
levels of nine genes were upregulated in parental HEp-2 cells in 
response to 10 y radiation or in RR-HEp-2 cell lines compared 



with untreated control or parental HEp-2 cells (Fig. 1A, mid- 
dle), whereas two genes were downregulated under the same 
conditions (Fig. 1A, bottom). Information related to radioresis- 
tance- or chemoresistance-related functions of these 11 genes are 
summarized in Table 1. 

Because the function of INPP4B in relation to tumor radio- 
resistance is largely unknown, we first examined the role of 
INPP4B, focusing on the radioresistance phenotype. RR-HEp-2 
and RR-#6 cell lines showed a distinct radioresistant phenotype, 
as determined by clonogenic survival assays (Fig. IB, top) and 
expressed high levels of INPP4B protein compared with parental 
HEp-2 cells (Fig. IB, bottom). We confirmed the association of 
INPP4B with the radioresistant phenotype using radiosensitive 
and radioresistant HEp-2 clones. The radiation sensitivity of each 
clone was determined by colony formation assay after treatment 
with 4 Gy radiation (Fig. 1C, top). Clones showing a radioresis- 
tant phenotype (RR-#3, -#13 and -#6) exhibited marked upreg- 
ulation of INPP4B protein compared with parental HEp-2 cells, 
whereas INPP4B levels were only marginally altered in radiosen- 
sitive clones (RS-#7, -#9 and -#18) (Fig. 1C, bottom). Thus, our 
results suggest that increased levels of INPP4B may be associated 
with the development of radioresistance in HEp-2 cells. 

Induction of INPP4B is not limited to radiation stimula- 
tion or a specific cell type. To examine INPP4B responses to 
radiation, we treated parental HEp-2 cells and RR-HEp-2 cell 
lines with 10 Gy radiation. INPP4B protein levels were increased 
by radiation in a time-dependent manner in parental HEp-2 
cells (Fig. 2A, top); this induction was even more striking in 
RR-HEp-2 cell lines (Fig. 2A, bottom). These data indicate 
that INPP4B is a radiation-responsive protein and suggest that 
hyper- accumulation of this protein might be a mechanism for 
the acquisition of the radioresistant phenotype in HEp-2 cells. 
To examine whether radiation-mediated induction of INPP4B 
expression is limited to HEp-2 cells, we treated other human 
cancer cells, including A549, H460, HCT116 and MCF7 cells 
with 10 Gy radiation. Quantitative real-time PCR revealed that 
radiation treatment induced an increase in INPP4B transcript 
levels in all cancer cell lines studied (Fig. 2B), indicating that 
the phenomenon is widespread in human cancer cells. Since 
modulation of radioresistance genes also often plays a role in the 
development of chemoresistance in various types of cancer, 10 " 13 
we investigated whether INPP4B is also regulated by anticancer 
drugs, including bleomycin, cisplatin, etoposide and doxorubi- 
cin, in HEp-2 cells. Interestingly, all drugs induced an increase 
in INPP4B mRNA levels, as determined by quantitative real- 
time PCR, whereas INPP4A, a paralog of INPP4B gene, was not 
induced by these same drugs (Fig. 2C). We also tested whether 
this radiation-induced upregulation extended to other lipid phos- 
phatases, or was largely limited to INPP4B, which regulates the 
3-phosphoinositide lipid network. 18 " 20 Unlike INPP4B, the lipid 
phosphatases INPP4A and PTEN were not induced by radiation 
treatment, as determined by quantitative PCR (Fig. 2D top) and 
conventional RT-PCR analyses (Fig. 2D, bottom). These data 
suggest that INPP4B may be the only lipid phosphatase in medi- 
ating the development of the radioresistant phenotype in HEp-2 
cells. 
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Table 1. List of genes showing altered mRNA level between parental and radioresistant HEp-2 cell lines 



Upregulated genes 


NCBI 
Gene ID 


Name 


Primer 


Radio/ 
chemoresistance 


Ref. 


8821 


Inositol polyphosphate-4-phosphatase type II (INPP4B) 


F:GAA ACA GAA AGA AGA AAT ACC G 
R:CCC ACT CTT CCT CAT CAT AG 


Radio/ 
chemoresistance 


This study 


5660 


Prosaposin (PSAP) 


F:GTG GTG CCA GAA TGT GAA G 
R:CTG AGG GTA GAG GAG GAG AG 


Unknown 


- 


728642 


Cell division cycle 2-like 2 (CDK11A) 


F:GTC TGC ACA TCA CCG AAC 
R:CAT TTC TTC CTC ACT TAC TTC 


Unknown 




6513 


Glucose transporter type 1 (GLUT1) 


F:CTC ATG GGC TTC TCG AAA C 
R:CCG ACT CTC TTC CTT CAT CTC 


Radio/ 
chemoresistance 


34,35 


10899 


Jumping translocation breakpoint (JTB) 


F:CCA CCT CTG CTG GTT GCT C 
R:CTATATGGACTCGATTTGCTTCC 


radioresistance 


37 


10057 


ATP-binding cassette, sub-family C (CFTR/MRP), member 5 (ABCC5) 


F:AAA CAG GAT CAG TAA AGA AG 
R:AAG AAC ACC AGG ATA ACG 


Radio 
/chemoresistance 


36 


93621 


Mof4 family associated protein 1 (MRFAP1) 


F:ATT ATA TAT GCC GCT CCT AC 
R:TGG CCT TCA CTA CCT GTT C 


Unknown 




11100 


Heterogeneous nuclear ribonucleoprotein U-like 1 (HNRNPUL1) 


F:ACT CGT GAG GAA ACT GCC 
R:CTT GGA ACA GGA TCA GGG 


Unknown 




23001 


WD repeat and FYVE domain containing 3 (WDFY3) 


FTTA AAT GGT GCA ACT CTG 
R:TGG ATG GTA CTA AGA AGA AC 


Unknown 




Downregulated genes 


NCBI 
Gene ID 


Name 


Primer 


Radio/ 
chemoresistance 


Ref. 


10397 


N-myc downstream regulated gene 1 (NDRG1) 


F: AGA TCT CAG GAT GGA CCC AAG 
R: CAT GCC CTG CAC GAA GTA C 


Chemoresistance 


38 


996 


Cell division cycle 27 homolog (CDC27) 


F:ACA AAT CTT ATC TGG TGG AG 
R:GTA TCA GGT GAA ATT ACA GC 


Unknown 





Upregulated or downregulated genes indicate increased or decreased transcript level of each gene in radiatioresistant HEp-2 cells (RR-HEp2 and RR-#6) 
compared with parental HEp-2 cells. 



ERK-dependent induction of INPP4B promotes the radio- 
resistant phenotype of HEp-2 cells. Because radiation activates 
mitogen-activated protein kinase (MAPK) protein, 27 we exam- 
ined whether induction of INPP4B expression is associated 
with MAPK activation in HEp-2 cells. As expected, exposure 
to 10 Gy radiation led to an increase in the activated forms of 
ERK, c-Jun N-terminal kinase (JNK) and p38 kinase without 
altering the levels of the corresponding protein (Fig. 3A). Next, 
we pretreated cells with specific inhibitors of each MAPK prior 
to radiation treatment. As shown in Figure 3B, inhibition of 
ERK with PD98059 blocked radiation-induced increases in the 
levels of INPP4B protein (top) and mRNA (middle), whereas 
inhibition of JNK with SP600125 or p38 kinase with SB203580 
had no effect on INPP4B levels. Quantitative PCR showed that 
INPP4B transcript levels were increased by 3.2-fold in radiation- 
treated HEp-2 cells compared with untreated control cells and 
this induction was decreased by 1.3-fold with ERK inhibition 
(Fig. 3B, bottom). To confirm that endogenous ERK regulates 
INPP4B expression, we used small interfering RNA (siRNA) 
to knock down endogenous ERK in HEp-2 cells. As shown in 



Figure 3C, siRNA treatment effectively knocked down ERK 
expression. Notably, depletion of endogenous ERK markedly 
suppressed the induction of INPP4B by irradiation, as deter- 
mined by western blotting (Fig. 3C, top) and conventional 
RT-PCR (Fig. 3C, middle). Quantitative PCR analyses showed 
that siRNA-mediated ERK knockdown decreased radiation- 
induced INPP4B mRNA levels by 38% compared with cells 
treated with radiation alone (Fig. 3C, bottom). These results 
suggest that stress-induced INPP4B expression is dependent on 
ERK signaling, but not on JNK or p38 kinase signaling. 

To determine whether INPP4B is essential for tumor radio- 
resistance, we ectopically overexpressed wild-type Myc-tagged 
INPP4B in parental HEp-2 cells. Overexpression of INPP4B 
increased cell survival after exposure to radiation, as deter- 
mined by clonogenic survival assays (Fig. 4A). A flow cytome- 
try analysis revealed that cell death induced by 10 Gy radiation 
was markedly lower at 48 h in INPP4B-overexpressing HEp-2 
cells (-19%) compared with parental HEp-2 cells (-33%) 
(Fig. 4B, left). These results were confirmed by observation 
of cell morphology (Fig. 4B, middle). Consistent with these 



www.landesbioscience.com 



Cancer Biology &Therapy 



1309 



A „ 

0 10 0 10 0 10 (Gy) 

[ERBB2 
| Bcl-xl 
p21 

Igapdh 

INPP4B 
PSAP 
CDK11A 
GLUT1 
JTB 
ABCC5 
MRFAP1 
HNRNPUL1 
WDFY3 




Decrease 



I NDRG1 
CDC27 



B 




0.01 

INPP4B 

|3-actin 



^ HEp-2 
■ RR-HEp-2 
A RR-#6 



o : 

HEp2 


2 4 6 
(Gy) 

RR-HEp2 RR-#6 



















120 



100 - 



ra 80 

'E 

w 
o 



60 
40 
20 
0 



INPP4B 
P-actin 



I 



I 



I 



+ _+ _ + _ + _+_ + 



(Gy) 



CON 7 




13 6 


Hi 






mm 



RS clones RR clones 



Figure 1. Identification of INPP4B as a radioresistance-related protein in HEp-2 cells. (A) Parental HEp-2 cells and redioresistant RR-HEp-2 and RR-#6 
clonal variants were left untreated or treated with 10 Gy radiation for 24 h. Gene transcripts were detected by conventional RT-PCR. ERBB2 and Bcl-xl 
were used as positive controls; p21 was used as a negative control; and GAPDH was used as a loading control. (B) Parental HEp-2 cells and RR-HEp-2 
and RR-#6 variants were treated with the indicated doses of radiation. After 14 d, the survival fraction was determined by clonogenic survival assay; 
results are presented as a survival curve (top). INPP4B protein levels were determined by western blotting using (3-actin as a loading control (bottom). 
(C) Parental (CON), radiosensitive (RS-#7, -#9 and- #18) and radioresistant (RR-#3, -#6 and -#13) HEp-2 cells were left untreated (-) or treated (+) with 
4 Gy radiation. After 14 d, colony formation was quantified using an automatic colony counter; results are presented as a survival curve (top). INPP4B 
protein levels were determined by western blotting using (3-actin was used as a loading control (bottom). The data represent typical results or mean 
values with standard deviations (n = 3). 



data, the level of cleaved-PARP, a marker of apoptosis, was 
also decreased in INPP4B-overexpressing, radiation-treated 
HEp-2 cells compared with radiation-treated parental HEp-2 
cells (Fig. 4B, right). Conversely, siRNA-mediated knockdown 
of endogenous INPP4B in RR-HEp-2 cells decreased survival 
following exposure to radiation (Fig. 4C). Depletion of endog- 
enous INPP4B synergistically increased radiation-induced 
RR-HEp-2 cell death from 16% (radiation alone) to 28% 
(radiation plus INPP4B knockdown), as determined by a flow 
cytometry analysis (Fig. 4D, left), results that were confirmed 
by observation of cell morphology (Fig. 4D, middle). siRNAs 
targeting INPP4B effectively knocked down INPP4B and sub- 
stantially increased the levels of cleaved-PARP in radiation- 
treated-RR-HEp-2 cells (Fig. 4D, right). Collectively, these 
data suggest that INPP4B has the capacity to protect HEp-2 
cells against radiation-induced apoptosis, thereby increasing 
radioresistance. 

INPP4B is associated with the development of chemoresis- 
tance in HEp-2 cells. To examine whether INPP4B can modu- 
late resistance to anticancer drugs, we established HEp-2 cells 
stably expressing Myc-tagged INPP4B (INPP4B-HEp-2 cells). 
Interestingly, INPP4B-HEp-2 cells showed markedly elevated 
basal INPP4B expression levels that were further induced by 



anticancer drugs bleomycin, etoposide and doxorubicin. These 
cells were resistant to cell death induced by the anticancer drugs, 
as detected by western blotting for cleaved-PARP (Fig. 5A, 
top) and flow cytometry analysis (Fig. 5A, bottom). Although 
the degree of induction of INPP4B by individual drugs dif- 
fered, anti-apoptotic effects of INPP4B were clearly evident 
in all drug-treated cells, as demonstrated by morphological 
changes (Fig. 5B). To confirm the INPP4B dependence of the 
anti-apoptotic phenotype in INPP4B-HEp-2 cells, we silienced 
INPP4B with siRNA. INPP4B siRNA effectively knocked down 
INPP4B expression and significantly resensitized cells to drug- 
induced apoptosis, as determined by western blotting (Fig. 5C, 
top). INPP4B depletion synergistically promoted cell death, 
increasing the cell-death percentage from 33% (INPP4B-HEp-2 
cells treated with doxorubicin) to 60% (doxorubicin- treated 
INPP4B-HEp-2 cells transfected with siRNA against INPP4B), 
as shown by a flow cytometry analysis (Fig. 5C, bottom). Similar 
results were obtained in an examination of morphological 
changes (Fig. 5D). We further confirmed this sensitization effect 
using other stable INPP4B-HEp-2 clones (#2, #4 and #6). These 
drug-resistant variants also exhibited enhanced doxorubicin- 
induced apoptotic cell death following knockdown of INPP4B, 
as determined by western blotting for cleaved-PARP (Fig. 5E), 
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Figure 2. Induction of INPP4B expressionin cancer cells by treatment with radiation or anticancer drugs. (A) Parental HEp-2 cells (top) or parental 
HEp-2 and RR-HEp-2 and RR-#6 variants (bottom) were treated with 10 Gy radiation for the indicated times. INPP4B protein levels were determined by 
western blotting using p-actin was used as a loading control. (B) A549, H460, HCT116 and MCF7 cells were left untreated (-) or treated (+) with 10 Gy 
radiation for 24 h. INPP4B transcript levels were determined by quantitative PCR using GAPDH as an internal control. (C) HEp-2 cells were left untreated 
(CON) or treated with radiation (IR; 10 Gy), bleomycin (Bleo; 10 ji,M), cisplatin (Cis; 10 |jlM), etoposide (Eto; 5 (jlM), or doxorubicin (Doxo; 1 (jlM) for 24 h. 
INPP4A and INPP4B transcript levels were determined by quantitative PCR using GAPDH as an internal control. (D) Parental HEp-2 cells and RR-HEp-2 
and RR-#6 variants were treated with 10 Gy radiation for 24 h. INPP4B, INPP4A and PTEN transcript levels were determined by quantitative PCR (top) 
or conventional RT-PCR (bottom). GAPDH was used as an internal control or loading control. The data represent typical results or mean values with 
standard deviations (n = 4). 



confirming INPP4B as a positive biomarker in the development 
of anticancer drug resistance. 

The role of INPP4B in the resistant phenotype is also 
applicable to lung cancer cells and may involve modulation of 
Akt activation. To examine whether the resistance function of 
INPP4B is limited to laryngeal HEp-2 cancer cells, we examined 
A549 and HI 299 lung cancer cells, which a resistant to radia- 
tion and anticancer drugs. 28,29 As shown in Figure 6A, INPP4B 
siRNA effectively knocked down INPP4B in A549 and H1299 
cells, as determined by western blotting (top) and quantitative 
PCR analyses (bottom). Consistent with the results obtained in 
HEp-2 cells, silencing of INPP4B markedly enhanced doxoru- 
bicin- and radiation-induced cell death in A549 cells, as deter- 
mined by western blotting for cleaved-PARP (Fig. 6B, top and 
middle) and an examination of morphological changes (Fig. 6B, 
bottom). Under the same experimental conditions, this sensitiza- 
tion effect was much greater in H1299 cells than in A549 cells 
(Fig. 6C). Because p53 status is different between HI 299 cells 



(p53 deficient) and A549 cells (wild-type p53), 29 our data imply 
that the role of INPP4B in resistance is likely independent of p53 
signaling, 

Previous reports have shown that Akt activation creates a resis- 
tant phenotype and thus is a poor prognostic factor. 30,31 Therefore, 
we investigated whether radiation regulates Akt activity. Akt phos- 
phorylation was highly induced in RR-HEp-2 cells exposed to 
radiation compared with parental HEp-2 cells, indicating Akt acti- 
vation; consistent with this, phosphorylation of GSK3ot/|3, a known 
major target of Akt, was also increased (Fig. 7A). To determine 
whether INPP4B also positively regulates Akt activation, we trans- 
fected RR-HEp-2 cells with siRNA to knock down endogenous 
INPP4. Although RR-HEp-2 cells contained high levels of phos- 
phorylated Akt following radiation treatment, this activation of Akt 
was significantly suppressed by INPP4B depletion without altering 
basal Akt levels (Fig. 7B). In addition, the levels of phosphorylated 
Akt were very high in INPP4B-HEp-2 cells, but were dramatically 
downregulated by INPP4B knockdown (Fig. 7C), indicating a 
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Figure 3. ERK-dependent induction of INPP4B expression by radiation in HEp-2 cells. (A) HEp-2 cells 
were treated with 1 0 Gy radiation for the indicated times. Expression and phosphorylation levels of 
MAPK proteins were determined by western blotting. (B) HEp-2 cells were left untreated (-) or treated 
(+) with 10 Gy radiation in the absence (Vehicle) or presence of 10 |xM PD98059 (PD), 10 |xM SB203580 
(SB), or SP600125 (SP) and then incubated for 24 h. INPP4B protein levels were determined by western 
blotting using (J-actin as a loading control (top). INPP4B transcript levels were determined by conven- 
tional RT-PCR (middle) or quantitative PCR (bottom). GAPDH was used as a loading control or an internal 
control. (C) HEp-2 cells were transfected with control siRNA (siCON) or 100 nM ERK-1/2 siRNA (siERK) 
for 48 h and then left untreated (-) or treated (+) with 10Gy radiation for an additional 24 h. INPP4B 
and ERK protein levels were determined by western blotting using pi-actin as a loading control (top). 
INPP4B transcript levels were determined by conventional RT-PCR (middle) or quantitative PCR (bottom) 
GAPDH was used as a loading control or an internal control. The data represent typical results or mean 
values with standard deviations (n = 3). 



close correlation between the level of INPP4B expression and Akt 
activity. Consistent with the results obtained in RR-HEp-2 cells, 
Akt phosphorylation levels were markedly decreased by INPP4B 
depletion in A549 and H1299 cells with a concomitant decrease in 
the levels of phosphorylated GSK3a/(3 (Fig. 7D). Since the phos- 
phatase PP2A is known to antagonize Akt activity directly, 32,33 we 
determined whether INPP4B regulates PP2A activity. PP2A activ- 
ity was dramatically inhibited in RR-HEp-2 cells by treatment with 
okadaic acid, used as a positive control (Fig. 7E and F). However, 
neither radiation treatment nor INPP4B siRNA transfection had an 
effect on PP2A activity in RR-HEp-2 cells, as determined by Akt 
and PP2A immunocomplex precipitation assays (Fig. 7E and F), 
indicating that PP2A activity is not involved in the regulation of 
INPP4B-mediated Akt activation. Collectively, our data suggest 
that induction of INPP4B by stress (radiation, anticancer drugs) 
promotes a resistant phenotype in cancer cells via the Akt survival 
pathway. 

Discussion 

Prioritizing resistance biomarker candidates based on their 
biological role and molecular mechanism is an important 



consideration in the application of 
such molecular targets to tumor 
radiotherapy or chemotherapy. 
Accordingly, from an analysis of an 
EST database, used as the source of 
a laryngeal cancer-specific transcrip- 
tome, we first selected 68 candidate 
genes and then identified 11 radiore- 
sistance-associated genes using an in 
silico/in vitro analysis of established 
RR-HEp-2 cell lines. Although the 
function of these genes is not defined 
in laryngeal cancer cells, two iden- 
tified genes, GLUT1 and ABCC5, 
encoding glucose transporter type 1 
and ATP-binding cassette C mem- 
ber 5, respectively, are known as 
prognostic markers of radiotherapy 
or chemotherapy resistance in vari- 
ous tumors. 34 " 36 Consistent with the 
observations, our results showed that 
the expression of these two genes 
was much higher in RR-HEp-2 cell 
lines than parental cells (Fig. 1). 
The products of two other identified 
genes, JTB (jumping translocation 
breakpoint) and NDRG1 (N-myc 
downstream regulated gene 1) are 
associated with UV resistance in 
293FT cells 37 and resistance to 
doxorubicin and retinoic acid in 
hepatocellular carcinoma cells. 38 
However, the products of other iden- 
tified genes, such as PSAP, CDK11A, 
MRFAP1, HNRNPUL1, WDFY3 and CDC27, have no well- 
defined roles in tumor radioresistance or chemoresistance. Thus, 
if genes identified by such screens are to serve as prognostic/diag- 
nostic marker or provide valuable information for patient treat- 
ment, it is important that their molecular mechanisms in cancer 
cells be well defined (Table 1). 

In the current study, we identified INPP4B as a radioresis- 
tance and chemoresistance marker. Specifically, we found that 
stress (radiation, anticancer drugs) -induced increases in INPP4B 
expression contributed to protective role on apoptotic cell death 
in laryngeal HEp-2 cancer cells as well as A549 and H1299 lung 
cancer cells. These results are consistent with a previous report 
that INPP4B is a positive regulator of paclitaxel resistance in 
gastric cancer cells thus may be a predictive marker of chemo- 
therapy resistance. 26 In addition, single-nucleotide polymor- 
phisms signatures within the INPP4B gene have been reported 
to be prominent indicators of daunorubicin-induced cytotoxic- 
ity in lymphoblastoid cells. 25 Taken together with these previous 
observations, our data suggest that a specific INPP4B signature 
might be correlated with poor prognosis for several types of 
cancer patients in the context of both clinical radiotherapy and 
chemotherapy. 
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Figure 4. INPP4B-dependent regulation of radiation sensitivity in HEp-2 cells. (A and B) Parental HEp-2 cells were transfected with an empty vector 
(CON) or Myc-tagged INPP4B expression vector (INPP4B) and then incubated for 24 h.The cells were treated with the indicated doses of radiation (A) or 
10 Gy radiation (B). After 14 d, colony formation was quantified using an automatic colony counter; results are presented as a survival curve (A). After 
48 h, cell viability was determined with a FACScan flow cytometer; data are presented as the percentage of Pl-positive cells (B, left). Cell morphology 
was observed by light microscopy (B, middle). Levels of cleaved-PARP and INPP4B proteins were determined by western blotting using (3-actin as a 
loading control (B, right). (C and D) RR-HEp-2 cells were transfected with control siRNA (siCON) or 100 nM INPP4B siRNA (silNPP4B) and then cultured 
for 48 h.The cells were treated with the indicated doses of radiation (C) or 10 Gy radiation (D). Cell survival (C), cell viability (D, left), cell morphology 
(D, middle) and western blotting (D, right) experiments were performed as in (A and B). The data represent typical results or mean values with stan- 
dard deviations (n = 4). 



Radiation-stimulated ERK activation has been linked to cell 
survival via the activation of survival /DN A repair proteins or 
the inhibition of apoptotic proteins. 27 Our data also showed that 
radiation led to activation of MAPKs, including ERK. Moreover, 
the induction of INPP4B mRNA and protein was totally depen- 
dent on ERK activity, but not p38 or JNK activity, in HEp-2 
cells, indicating that the INPP4B gene is a downstream target of 
ERK signaling. Consequently, INPP4B protein may contribute 
to the formation of a positive feedback loop by amplifying the 
INPP4B-mediated survival activity associated with the sustained 
radioresistance phenotype. 

The INPP4A isozyme plays an important neuroprotective 
role by suppressing excitotoxic cell death and involuntary move- 
ments. 39 In addition, weeble mutant mice harboring a null muta- 
tion of the INPP4A gene exhibit massive neuronal cell death 
leading to neurological defects. 40 These facts are consistent with 
the suggestion that INPP4A has a pro-survival role, in contrast 
to the pro-apoptotic role of PTEN. 41 Both INPP4A and INPP4B 
selectively metabolize PI(3,4)P 2 rather than PI(3,4,5)P 3 , produc- 
ing PI(3)P as a product. 1 ''' 20,40 Thus, these enzymes may provide 



surrogate functions for each other, because they act on the same 
substrates and are expressed in different tissues; in particular, 
INPP4A is highly expressed in normal brain tissue, whereas 
INPP4B is highly expressed in heart and skeletal muscle. 19,40 In 
this study, we demonstrated that INPP4B blocked radiation- and 
anticancer drug-induced apoptosis in human laryngeal and lung 
cancer cells, whereas INPP4B depletion potentiated cell death. 
Notably, the INPP4A gene was not responsive to radiation in 
either parental HEp-2 or RR-HEp-2 cells. These data indicate 
that INPP4B, alone among lipid phosphatases, is a major con- 
tributor to stress responses and/or tumor resistance. Moreover, 
the capacity of INPP4B to confer resistance against both radia- 
tion and anticancer drugs in human laryngeal and lung cancer 
cells provides evidence of a broad cytoprotective role in various 
types of cancer cells. 

Although downstream targets and major molecular signal 
transduction pathways linking INPP4B with tumor radio- 
resistance and chemoresistance are incompletely defined, we 
did demonstrate a strong association between the protective 
role of INPP4B and Akt activation, showing that levels of the 
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Figure 5. INPP4B-dependent regulation of anticancer drug sensitivity in stably transfected INPP4B-HEp-2 cells. (A and B) Control HEp-2 (CON) and 
stable INPP4B-HEp-2 cells (INPP4B) were treated with vehicle, 10 bleomycin, 5 |j,M etoposide or 1 (jlM doxorubicin for 24 h.The expression levels 
of cleaved-PARP and Myc-tagged INPP4B were determined by western blotting using p-actin as a loading control (A, top). Cell death was deter- 
mined with a FACScan flow cytometer; data are presented as the percentage of Pl-positive cells (A, bottom). Cell morphology was observed by light 
microscopy (B). (C and D) INPP4B-HEp-2 cells were transfected with control siRNA (siCON) or 100 nM INPP4B siRNA (silNPP4B) for 48 h and then treated 
with vehicle or 1 (jlM doxorubicin for an additional 24 h. Western blotting (C, top), cell death (C, bottom) and cell morphology (D) experiments were 
performed as in (A and B). (E) INPP4B-HEp-2 variants (INPP4B-#2, -#4 and -#6) were transfected with control siRNA (siCON) or 100 nM INPP4B siRNA 
(silNPP4B) for 48 h and then treated with vehicle or 1 jjiM doxorubicin for an additional 24 h.The expression levels of cleaved-PARP and Myc-tagged 
INPP4B were determined by western blotting using p-actin as a loading control. The data represent typical results or mean values with standard devia- 
tions (n = 4). 



phosphorylated form of Akt were positively modulated in vitro 
in an INPP4B expression-dependent manner (Fig. 7). Whether 
INPP4B regulates Akt activation directly or indirectly is not 
yet known. Akt protein acts through phosphorylation of sub- 
strates such as GSK3, mTOR and caspase-9 to play a role in 
cell growth and survival pathways. 31 Furthermore, Akt activa- 
tion shows a very strong correlation with poor patient survival 
after radiotherapy or chemotherapy. 31 The increased Akt phos- 
phorylation we observed is consistent with the positive effect of 
INPP4B on cell proliferation and survival in radiation-treated 
laryngeal and lung cancer cells. However, it should be noted 
that other studies have reported different finding. For example, 
ectopic overexpression of INPP4B in leukemic cells has been 
reported to reduce Akt phosphorylation without affecting cell 
proliferation, 24 and INPP4B depletion in human mammary epi- 
thelial cells using shRNA has been shown to increase insulin- 
stimulated Akt activation and promote cell proliferation. 20,42 



Discrepancies between our results and previous observations 
might reflect differences in cell types and stimuli. Indeed, it 
has been shown that PTEN-null and PIK3CA-mutant cancer 
cells exhibit different steady-state Akt pathways, resulting in 
differences in cell viability and growth in response to a variety 
of stimuli. 42 In this context, overexpression of INPP4A simul- 
taneously decreases PI(3,4)P 2 levels and increases PI(3,4,5)P 3 
levels, thereby inducing Akt phosphorylation, a phenomenon 
that blocks FAS-induced apoptosis. 43 Thus, it is conceivable 
that INPP4B expression may reciprocally modulate PI(3,4)P 2 
and PI(3,4,5)P 3 levels, which could affect Akt activation during 
stress responses. Although Akt activation could be dependent 
on cancer cell types or specific stimuli, our data support the idea 
that INPP4B protein is a positive regulator of cell survival dur- 
ing radiotherapy and chemotherapy. 

In summary, we identified 11 new radioresistance-related 
genes in a systematic screen of laryngeal cancer UniGene libraries. 
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Figure 6. Induction of cell death by INPP4B depletion in lung cancer cells. (A) A549 and H1299 cells were transfected with control siRNA (siCON) or 
100 nM INPP4B siRNA (silNPP4B) for 48 h. INPP4B protein levels were determined by western blotting using p-actin as a loading control (top). INPP4B 
mRNA levels were determined by quantitative PCR using GAPDH as an internal control (bottom). (B and C) A549 (B) and H1299 (C) cells were transfect- 
ed with control siRNA (-) or 100 nM INPP4B siRNA (+) for 48 h and then left untreated (-) or treated (+) with 1 |j,M doxorubicin for 24 h or 10 Gy radiation 
for 48 h. The levels of cleaved-PARP were determined by western blotting using p-actin as a loading control (top and middle). Cell morphology was 
observed by light microscopy (bottom). The data represent typical results or mean values with standard deviations (n = 4). 



We also demonstrated that INPP4B expression was strongly cor- 
related with the tumor-resistance phenotype and was induced by 
cytotoxic stresses such as radiation and anticancer drugs in vari- 
ous cancer cells. We further showed that, unlike INPP4A, stress- 
induced INPP4B expression exerted a cytoprotective action by 
suppressing apoptotic cell death via upregulation of Akt activa- 
tion. Therefore, we suggest that INPP4B contributes to develop- 
ment of the tumor-resistance phenotype and thus, may be useful 
as a prognostic tool or therapeutic target of tumor radiotherapy. 

Materials and Methods 

Cell lines and treatment. A549, H1299 and 460 lung cancer cells, 
HEp-2 laryngeal cancer cells, HCT116 colon cancer cells and 
MCF7 breast cancer cells were purchased from American Type 
Culture Collection. Cells were grown in Dulbecco's modified 
Eagle's medium (HEp-2, HCT116 and MCF7 cells) or Roswell 
Park Memorial Institute medium 1640 (A549, H460 and H1299 
cells) containing 10% fetal bovine serum, 50 (JLg/mL streptomy- 
cin and 50 units/mL penicillin. RR-HEp-2 and its variants were 
established as described previously. 17 Several subclones (#3, #6, 
#7, #9, #13 and #18) isolated from RR-HEp-2 cell population 
were selected as radioresistant or radiosensitive HEp-2 variants on 
the basis of their clonogenic survival assay after treatment of 4 Gy 



radiation. Parental HEp-2 cells were maintained as control cells. 
The cells were irradiated using a 137 cesium-ray source (Atomic 
Energy of Canada Ltd.) at a dose rate of 3.81 Gy/min or treated 
with 10 ixM bleomycin (Sigma), 10 ixM cisplatin (Sigma), 5 u-M 
etoposide (Sigma), or 10 u,M doxorubicin (Sigma). PD98059, 
SB203580 and SP600125 (Calbiochem) were used to inhibit 
ERK, p38 and JNK, respectively. 

Clonogenic assay. Cell survival after irradiation was deter- 
mined by clonogenic assay as described previously. 17 Cells were 
treated with a single dose of radiation and then trypsinized, 
diluted and seeded into 60-mm tissue culture dishes at various 
cell densities (200, 400, 1,500 and 3,000 cells/dish for the 0, 
2, 4 and 6 Gy, respectively). After 14 d, the colonies were fixed 
with methanol and stained with trypan blue solution. Only the 
colonies with 50 or more cells were counted as survivors by using 
a colony counter (Imaging Products). 

Apoptosis analysis. Cells were seeded at a density of 2 x 10 5 
cells per 60-mm dish and treated according to the indicated 
experimental conditions. Apoptotic cell death was determined by 
western blot analysis of the cleaved poly (ADP-ribose) polymerase 
(PARP) and observation of apoptotic cell morphology with light 
microscopy. To quantify apoptotic cell death, cells were analyzed 
using a FACScan flow cytometer (Becton Dickson), as described 
previously. 17 
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Figure 7. Modulation of Akt activity by INPP4B expression in laryngeal and lung cancer cells. (A) Parental HEp-2 and radioresistant RR-HEp-2 cells were 
treated with 10 Gy radiation for the indicated times. Expression and phosphorylation levels of Akt and GSK3cc/E> were determined by western blotting 
using (i-actin as a loading control. (B) RR-HEp-2 cells were transfected with control siRNA (siCON) or 100 nM INPP4B siRNA (silNPP4B) for 48 h and then 
left untreated or treated with 10 Gy radiation for an additional 6 h. Expression and phosphorylation levels of Akt and GSK3cc/E> were determined by 
western blotting using p-actin as a loading control. (C and D) Control HEp-2 (CON) and stably transfected INPP4B-HEp-2 (INPP4B) cells (C) or RR-HEp-2, 
A549 and H1299 cells (D) were transfected with control siRNA (siCON) or 100 nM INPP4B siRNA (silNPP4B) for 48 h. Expression and phophorylation 
levels of Akt, GSK3a/E> and INPP4B were determined by western blotting using (3-actin as a loading control. (E and F) RR-HEp-2 cells were transfected 
with control siRNA (siCON) or 100 nM INPP4B siRNA (silNPP4B) for 48 h and then left untreated or treated with 10 Gy radiation for an additional 6 h. Akt 
(E) or PP2A (F) was immunoprecipitated from each sample and the resulting immune complexes were used to measure PP2A phosphatase activity. 
The PP2A inhibitor okadaic acid was used as a positive control. The data represent typical results or mean values with standard deviations (n = 4). 



Western blot analysis. Cells were lysed in a buffer contain- 
ing 50 mM TRIS-HC1 (pH 7.4), 150 mM NaCl, 1% Nonidet 
P-40 and 0.1% sodium dodecyl sulfate (SDS) supplemented 
with protease and phosphatase inhibitors, as described previ- 
ously. 44 The following antibodies were used to detect protein: 
rabbit polyclonal anti-phospho-Akt (Ser473), anti-Akt, anti- 
phospho-p38, anti-p38, anti-phospho-JNK, anti-JNK and anti- 
cleaved-PARP (Asp2l4) (Cell Signaling Technology); rabbit 
monoclonal anti-phospho-GSK3a/(3 (Ser21/9) (Cell Signaling 
Technology); mouse monoclonal anti-ERK (BD Transduction 
Laboratories); mouse monoclonal anti-phospho-ERK and anti- 
myc (Santa Cruz Biotechnology Inc.); mouse monoclonal anti- 
(3-actin (Sigma); goat polyclonal anti-INPP4B (Santa Cruz 
Biotechnology, Inc.). 

In silico and in vitro analyses of the UniGene library. Seven 
available EST libraries for human laryngeal cancer were down- 
loaded from the UniGene transcriptome library (www.ncbi.hlm. 
nih.gov/UniGene) to collect the genes expressed in laryngeal can- 
cer. The followings were used to select radioresistance-regulatory 



candidate genes: PubMed (www.ncbi.nlm.nih.gov/pubmed) was 
used to search the published function of each gene; Goblet (www. 
goblet.mogen.mpg.de), to predict gene ontology; SMART (www. 
smart.embl-heidelberg.de), to seek various protein domains. The 
mRNA expression of candidate genes selected by in silico analy- 
sis were subsequently screened using real-time PCR using paren- 
tal and radioresistant HEp-2 cell lines. We selected genes whose 
expression was relatively increased or decreased in irradiated or 
radioresistant cells compared with control group for functional 
analysis. 

Conventional and quantitative RT-PCR. The total RNA iso- 
lated usingRNASTAT-60 (Tel-Test B Inc.) was reverse-transcribed 
with ImProm-IITM reverse transcriptase (Promega) . Quantitative 
PCR was performed in triplicate by using a Chromo-4 cycler (Bio- 
Rad) and SYBR Premix Ex Taq (Takara Bio). In conventional 
RT-PCR experiment, the amplification signal from the target 
gene was normalized against the cycle threshold values of glyc- 
eraldehyde-3 -phosphate dehydrogenase (GAPDH) in the same 
reaction. The following primers and conditions were employed: 
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Bcl-xl (151-bp product, annealing temperature 55°C, 32 cycles), 
sense 5-CGG GCA TTC AGT GAC CTG AC-3' and antisense 
5-TCA GGA ACC AGC GGT TGA AG-3'; epidermal growth 
factor receptor 2 (ERBB2) (402 -bp product, annealing tempera- 
ture 55°C, 31 cycles), sense 5-CAT ATG TCT CCC GCC TTC 
TG-3' and antisense 5'-CCC ACA CAG TCA CAC CAT AAC- 
3'; GAPDH (305-bp product, annealing temperature 55°C; 24 
cycles), sense 5-CAT CTC TGC CCC CTC TGC TGA-3' and 
antisense 5-GGA TGA CCT TGC CCA CAG CCT-3'; inositol 
polyphosphate 4-phosphatase type I (INPP4A) (404-bp product, 
annealing temperature 55°C, 33 cycles), sense 5-GGC TGC 
CAG TCC ATA ATC-3' and antisense 5-CAC ACT TTC TCC 
CAC TCC-3'; INPP4B (440-bp product, annealing temperature 
55°C, 31 cycles), sense 5-AAA GAA TGC AGG TAC ACA G-3' 
and antisense 5-CTC TGT GCT GCT CTT AGG-3'; PTEN 
(580-bp product, annealing temperature 55°C, 31 cycles), sense 
5-GAA AGA CAT TAT GAC ACC G-3' and antisense 5-TTA 
GCA TCT TGT TCT GTT TG-3'; p21 (439-bp product, 
annealing temperature 55°C, 34 cycles), sense 5-TGT CCG 
TCA GAA CCC ATG-3' and antisense 5-GGA GTG GTA 
GAA ATC TGT CAT G-3'. The other primer sequences used for 
identification of radioresistance-regulatory genes were presented 
in Table 1. 

Knockdown of INPP4B and ERK by siRNA. The human 
INPP4B siRNA 5-CAG AAU GUU UGA GUC ACU A-3', the 
human ERK-1 siRNA 5-CUC UCU AAC CGG CCC AUC 
U-3' and the human ERK-2 siRNA 5-CAG AUC UUU ACA 
AGC UCU U-3' sequences were selected and synthesized accord- 
ing to the manufacturer's notes (Bioneer). A scrambled siRNAs 
were used as a negative control, which show no significant homol- 
ogy to known gene sequences and did not regulate gene expres- 
sion. Cells were transiently transfected with 100 nM of siRNA in 
a serum-free medium for 5 h using Metafectene reagent (Biontex) 
according to the manufacturer's protocol. Cells were maintained 
for an additional 48 h and the depletion of target proteins was 
determined by western blotting and quantitative RT-PCR 
analysis. 

References 

1. Parkin DM, Bray F, Ferlay J, Pisani P. Estimating the 
world cancet burden: Globocan 2000. Int J Cancer 
2001; 94:153-6; PMID:1 1668491; http://dx.doi. 
otg/10.1002/ijc.l440. 

2. Lefebvre JL. Laryngeal preservation in head and neck 
cancer: multidisciplinary approach. Lancet Oncol 
2006; 7:747-55; PMID:16945770; http://dx.doi. 
otg/10. 1 0 16/S 1 470-2045 (06)70860-9. 

3. Nix PA, Greenman J, Cawkwell L, Stafford N. 
Radioresistant latyngeal cancer: beyond the TNM 
stage. Clin Otolaryngol Allied Sci 2004; 29:105-14; 
PMID: 15113291; http://dx.doi.org/10. 1046/j. 1 365- 
2273.2003.00796.x. 

4. Kim JJ, Tannock IF. Repoptilation of cancet cells dur- 
ing thetapy: an important cause of tteatment failure. 
Nat Rev Cancer 2005; 5:516-25; PMID: 15965493; 
http://dx.doi.org/ 1 0. 1038/nrcl 650. 

5. Bussink J, van der Kogel AJ, Kaanders JH. Activation 
of the PI3-K/AKT parhway and implications for 
radioresistance mechanisms in head and neck can- 
cel. Lancet Oncol 2008; 9:288-96; PMID:18308254; 
http://dx.doi.org/ 10.101 6/S 1470-2045(08)70073-1 . 



Construction and transfection of INPP4B. A cDNA for 
human INPP4B was prepared by RT-PCR from pCMV-Sport6- 
INPP4B (Open Biosystems) with specific primers (sense 5 -GGG 
GTA CCG AGC CAC CAT GGA AAT TAA AGA GGA AGG 
G-3' and antisense 5-CCG CTC GAG CGG GGT GTC AGC 
TTT TCC ATA AG-3') designed to introduce Kpnl and Xhol 
restriction sequences at the 5' and 3' ends, respectively. The 
resulting cDNA was cloned into pcDNA3.1 (+) Myc/His vec- 
tor (Invitrogen). HEp-2 cells were transfected with expression 
vector using the Metafectene reagent (Biontex), as described 
previously. 17 For establishing a stable cell line, HEp-2 cells were 
transfected with INPP4B cDNA vector, subcultured in standard 
media for 24 h and then selected transfected cells by adding 
1 mg/mL G418. The INPP4B expressing stable HEp-2 cells were 
confirmed by western blot analysis. 

Phosphatase assay. Cells were lysed in a buffer containing 
50 mM TRIS-HC1 (pH 7.4), 150 mM NaCl, 0.5% Nonidet 
P-40, 7.5% glycerol, 1 mM EDTA, 1 mM Na 3 V0 4 and complete 
protease inhibitors. Cell lysates were precipitated with anti-Akt or 
anti-PP2A antibodies (Santa Cruz Biotechnology, Inc.). Immune 
complexes were collected using protein A sepharose beads; 1/4 of 
the washed beads were used for western blot analysis to confirm 
Akt and PP2A immunoprecipitation efficiency. The remaining 
beads were used to analyze PP2A activity by using a RediPlat96 
EnzChek Serine/Threonine Phosphatase assay kit [Invitrogen 
(Molecular Probes)], according to the manufacturer's protocol. 
Fluorescence was measured using a Victor2 fluorescence micro- 
plate reader (Perkin Elmer Corp.). Okadaic acid (Sigma) was 
used as a positive control to inhibit PP2A activity. 
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